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Abstract 
Single crystal diamond membranes that host optically active emitters are highly attractive 
components for integrated quantum nanophotonics. In this work we demonstrate bottom-up 
synthesis of single crystal diamond membranes containing the germanium vacancy (GeV) 
color centers. We employ a lift-off technique to generate the membranes and perform 
chemical vapour deposition in a presence of germanium oxide to realize the in-situ doping. 
Finally, we show that these membranes are suitable for engineering of photonic resonators 
such as microring cavities with quality factors of ~ 1500. The robust and scalable approach to 
engineer single crystal diamond membranes containing emerging color centers is a promising 
pathway for realization of diamond integrated quantum nanophotonic circuits on a chip.  
 
Main text 
Color centers in diamond are attractive building blocks for solid state integrated quantum 
photonics1-2. So far, significant effort has been devoted to study the nitrogen vacancy (NV) 
center due to its long electron spin coherence time and hence its applicability as a spin qubit 
and a sensor3-4. However, its optical properties are not ideal as it has a large phonon sideband 
with only ~ 4% of the fluorescence being emitted into the zero phonon line (ZPL). The NV 
center also has a permanent dipole moment which makes it highly susceptible to external 
electromagnetic fluctuations. These fluctuations result in ultrafast spectral diffusion of its 
optical transitions, and hinder the generation rate of indistinguishable photons5-6.  
To overcome these shortfalls, new color centers with inversion symmetry based on group IV 
elements in diamond has been recently explored. Following on detailed investigations of the 
negatively charged silicon vacancy (SiV)7-14, other color centers including germanium 
vacancy (GeV)15-20 and more recently tin vacancy (SnV)21-22 have been identified. The 
defects have an inversion symmetry and therefore are less vulnerable to strain and 
electromagnetic fluctuations. Indeed, recent reports showed that generation of Fourier 
Transform limited photons is possible employing SiV centers in both nanodiamonds and 
bulk, and fabricated nanostructures using a reactive ion etching process12, 23-25. On the other 
hand, the advantage of the GeV and the SnV is their larger energy splitting in the ground state 
that reduces the phonon mediated spin mixing, and perform coherent spin manipulation at 
liquid Helium temperatures26-27. In addition, the GeV color center is believed to have a much 
higher quantum efficiency compared to the SiV, therefore being advantageous for applications in 
quantum optics and nanophotonics. To employ these color centers in integrated nanophotonic 
devices, an interface between the spin and the emitted photons is needed. Towards this goal, a 
promising avenue is an integration of these color centers with photonic resonators1, 11, 28-31.    
In this work, we demonstrate a robust method to engineer microdisk and microring resonators 
containing the GeV color centers. The resonators are fabricated from single crystal diamond 
membranes (~300 nm) that were overgrown in a presence of germanium to achieve pristine 
diamond crystal that contains homogeneous ensemble of bright GeV emitters.  
The diamond membranes ([100] faceted) were generated using ion implantation and liftoff, as 
described in details previously32-34. To generate the GeV color centers, the membranes were 
transferred onto a sapphire substrate using a liquid droplet of germanium dioxide (GeO2) 
powder (SigmaAldrich) – as shown in figure 1a. The droplet contains a 0.5 mg/mL solution 
of GeO2 powder in ethanol. The sapphire substrate with the GeO2 covered membrane was 
then placed in a microwave plasma chemical vapor deposition (MPCVD) chamber, along 
with a ~1 mm2 piece of metallic germanium positioned approximately ~ 1 cm away from the 
diamond membrane (figure 1b). We found that when the metallic germanium is the only 
source during growth, strong GeV color centres appeared preferentially along the edges of the 
membrane. On the other hand, the addition of the GeO2 increases the incorporation of Ge into 
the surface of the growing diamond. The CVD growth conditions were a hydrogen/methane 
ratio of 100:1 at 60 Torr, a microwave power of 900W for 10 minutes to fabricate a ~ 400 nm 
intrinsic diamond layer that contains homogeneous ensemble of GeV color centers. The 
incorporation of the germanium into the diamond occurs via the plasma phase. Upon the 
microwave plasma, the oxide and the metallic source melt, producing germanium vapour that 
is then homogeniously incorporated into the growing diamond. To remove the original 
diamond that did not contain the GeV color centers, the membranes were flipped and thinned 
by Inductively Coupled Plasma - Reactive Ion Etching (ICP-RIE) in the presence of oxygen 
and SF6 at a pressure of 45 mTorr for 18 minutes (figure 1c). This fabrication process results 
in a single crystal diamond membrane with a thickness of 300 nm (figure 1d).  
 
 
 
Figure 1 Schematic illustration of the fabrication process to engineer single crystal diamond 
membranes containing GeV color centers. (a) An electrochemically etched single crystal 
diamond membrane (dark grey) is transferred to a sapphire substrate using a 0.5 mg/mL 
GeO2 solution in ethanol. (b) Subsequent MPCVD overgrowth with an additional metallic 
germanium source nearby. (c) The sample is flipped and thinned by ICP-RIE, to remove the 
original material to generate (d) pristine diamond membrane with GeV centers (yellow). (e, 
f) Representative SEM images of the overgrown and the final (thinned) diamond membrane, 
respectively. The thicknesses of the original and the thinned membrane are ~ 2.10 µm and ~ 
0.3 µm, respectively. (g) AFM scans of the surface roughness of the original (red curve), 
overgrown (black curve) and thinned (dark blue curve) diamond membranes. The surface 
roughness of these membranes is ~1 nm. The curves are off-set in 1 nm intervals for clarity. 
 
Representative side view scanning electron microscope (SEM) images of the overgrown and 
the final (thinned) membrane are shown in figure 1e and figure 1f, respectively. The surface 
roughness of the original, overgrown and thinned membrane was determined by an atomic 
force microscope (AFM), after each fabrication step. The slight curve observed in figure 1f is 
likely due to residual strain within the diamond membrane. The AFM measured surface 
profiles are shown in figure 1g, and reveal minimal surface roughness of ~ 1 nm. Therefore, 
the overgrowth method in the presence of germanium does not hinder the smoothness nor 
reduces the quality of the final single crystal diamond membrane.  
To study the optical properties of the diamond membranes, photoluminescence (PL) 
measurements were recorded under a continuous-wave 532 nm laser (Gem 532, Laser 
Quantum) excitation at room and cryogenic temperatures using a standard confocal 
microscope. Figure 2a shows a RT PL spectrum of the thin (~ 300 nm) diamond membrane 
with the strong GeV ZPL at 602 nm and a full width at half maximum (FWHM of ~ 0.8 nm). 
Inset, is the schematic illustration of the GeV defect, that consists of an interstitial Ge atom 
splitting two vacancies in a diamond lattice. In some locations along the membrane, an 
additional peak around ~ 640 nm was also observed. This luminescence signal can potentially 
be attributed to the neutral charge state of the GeV emitters. This is plausible as the 
overgrowth occurs under hydrogen presence that is known to introduce band bending and 
cause increased emission from the neutrally charged NV centers35-36. Furthermore, the ~ 640 
nm peak was not observed in overgrown membranes without a germanium source, and 
likewise, this peak was never observed without the ZPL at 602 nm. However, at this point we 
do not have a concrete evidence for the unambiguous identification of the GeV charge state. 
The PL spectrum from the same membrane recorded at 15 K is shown in figure 2b. At 
cryogenic temperature, the PL spectrum from the GeV emitters in low strain material splits 
into four lines corresponding to the transitions from the low (high) branch of the ground state 
to the low (high) branch of the excited state15, 19. The four distinct PL lines are clearly visible 
in figure 2b, corresponding to the optical transitions of the GeV ZPL. Inset, is the schematic 
of the electronic level structure of the GeV, with the splitting in the ground and excited states. 
Based on our measurements, the ground state splitting is E12 ~ 165 GHz while the excited 
state splitting is E34 ~ 1159 GHz in accord with the reported literature15, 19. 
An important prerequisite for scalable devices is a homogeneous distribution of the color 
centers. This is important for various applications such as ensemble magnetometry or cavity 
cooperativity schemes37-38, as well as for practical aims to enable patterning of multiple 
devices on a single membrane. Figure 3c shows a confocal scan of the diamond membrane 
containing the GeV emitters. The RT spectra in figure 3d were recorded at ~ 10 µm intervals 
across the membrane, from the locations marked with numbers 1 – 6. Each point shows the 
typical GeV peak at ~ 602 nm (figure 3d), confirming a homogeneous distribution of the 
emitters.  
 
 
 
Figure 2. Spectra of the diamond membranes doped with GeV. (a) A RT spectrum showing a 
characteristic peak at 602 nm. Inset, schematic structure of the GeV color center. (b) A 
spectrum of the GeV taken at 15K (blue curve), with the characteristic splitting 
corresponding to the transitions from the excited to the ground state manifolds. The red 
dashed line is the Lorentzian fit. Inset, is the schematic of the electronic level structure of the 
GeV. (c) A confocal map of the overgrown diamond membrane where each number 
corresponds to a spectrum in (d) showing the homogeneous distribution of the GeV emitters. 
(d) Six representative RT spectra of the GeV emitters in the diamond membrane, showing a 
homogeneous distribution of the GeV emission.  
 
Finally, we utilize the diamond membranes to fabricate microdisk and micro-ring cavities 
which are commonly used as photonic resonators39. A hydrogen silsesquioxane (HSQ) hard 
mask was deposited on top of the overgrown and thinned membrane and an array of 
microdisk cavities were patterned using Electron Beam Lithography (EBL). Figure 3a shows 
a low magnification SEM image of the patterned devices. The microdisks have a 2.5 µm 
radius and 5 µm spacing (edge to edge) between each disk (figure 3a), while the micro-rings 
have a 5 µm outer diameter and 400 nm inner diameter, respectively. The diamond 
membrane is outlined for clarity with a blue dashed line. Figure 3b, c show a false color SEM 
image of the diamond microdisk and a diamond microring, respectively, with a thickness of 
∼ 300 nm, resting on the SiO2 substrate.  
 
 
Figure 3. Diamond microdisk and microring cavities fabricated from the overgrown 
diamond membranes containing GeV color ceters. (a) Low magnification SEM image of 
microring and microdisk resonators with a diameter of 5 µm etched into the diamond 
membrane (blue dashed line). (b, c) False color SEM images of a diamond microdisk and a 
diamond microring, respectively. The diamond are false colored blue for clarity.  
 
Figure 4a shows a PL spectrum recorded from one of the diamond microrings. Both the 
microdisks and the microrings support propagation of whispering gallery modes (WGMs) 
that are manifested as periodic peaks within the spectrum. For the current microring size, the 
spacing between adjacent modes should be ~ 14 nm. The PL emission is decorated by narrow 
lines, which are the modes of the optical cavity, while a strong GeV ZPL is visible at 602 nm. 
Quality factors Q as high as 1500 were observed from these devices. A particular mode that 
is in a close proximity to the GeV ZPL at 596 nm exhibits a Q ~ 750. A high resolution 
spectrum from two modes at ~ 750 nm (figure 4b) show Q ~ 1500. The losses occur due to an 
increased roughness from the imperfect HSQ mask removal and from the leakage to the 
underlying SiO2 substrate.  
Figure 4c shows the modelling result of the diamond microring (n=2.4) of the same geometry 
resting on a silicon dioxide substrate (n=1.5) using a finite-difference time-domain (FDTD) 
method (Lumerical inc.). The structure support 1st order radial Transverse electric (TE) 
modes as indicated in the spectrum. As an example, electric field profile of TE1,74 mode is 
shown in inset. Other peaks in the spectrum are higher order radial modes including 2nd and 
3rd radial modes. TE2,62 is shown in the inset. A very good matching between the measured 
the simulated spectra is observed. The dominant presence of the 1st order modes at the longer 
wavelength range while the lower wavelength range also supports higher order modes as 
evidenced by closed spacing of the peaks.    
The fabricated devices enable higher collection of the emitted photons from the GeV color 
center. Figure 4d shows an emission enhancement from the membrane as compared to the 
fabricated microring cavities. An enhancement of ~ 14 times is clearly observed, after 
measuring more than ten different devices. Such a brightness will be advantageous for 
employing the GeV color centers in practical nanophotonics devices.  
 
 
Figure 4. (a) PL spectrum recorded from the diamond microring cavity under 532 nm 
excitation at room temperature. WGMs are clearly visible. The ZPL of the GeV center is 
observed at 602 nm. Inset, a zoom in spectrum of the mode at 596 nm. The red line is a 
Lorentzian fit. (b) a spectrum of a WGM at ~ 755 nm, showing a Q ~ 1500. (b) Simulation 
data of the microring sample. Inset, FDTD field profile of the 1st (left) and 2nd (right) order 
mode. (d) comparison of recorded emission from GeV color center recorded from the 
membrane and from a micro-ring cavity, showing an enhancement of ~ 14 times.    
 
In conclusion, we have described a robust method to engineer optically-active, high-quality 
single crystal diamond membranes containing a homogeneous ensemble of GeV emitters. We 
further employed these membranes to produce microdisk and microring cavities containing 
GeV emitters with Q values of ~ 1500. Note that the presented method of doping the 
diamond membranes is advantageous and can be applied also for bulk crystals or 
nanodiamonds, without degrading the overgrown crystal quality. Furthermore, similar 
technique can be explored to achieve doping of diamond membranes with other emerging 
colour centres such as tin related emitters21-22 and other narrow band emitters40. Our results 
will accelerate the integration of new colour centres in diamond with scalable photonic 
devices to achieve on-chip quantum nanophotonic circuitry.  
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